Abstract Endothelial progenitor cells (EPCs) derived from bone marrow are known to be heterogeneous. In this study, we tried to find favorable conditions that induce the differentiation of mononuclear cells (MNCs) from bone marrow into EPCs. The differentiation capacity of MNCs from rat bone marrow was investigated in different conditions, such as different media, different induction times and different culture surfaces. The cell morphology and endothelial biomarkers associated with differentiated MNCs were studied. Our results indicated that MNCs cultured in EGM-2MV (Endothelial cell basal medium-2, plus SingleQuots of growth supplements) developed a bursiform shape, a late EPC-like morphology, while MNCs cultured in complete medium (CM, M199 with 10% FBS, 20 ng/mL VEGF and 10 ng/mL bFGF) showed a spindle shape, an early EPClike morphology. Cells of both morphologies were able to incorporate DiI-ac-LDL and bind lectin in vitro. MNCs cultured in EGM-2MV exhibited a higher proliferation rate and higher eNOS expression than MNCs cultured in CM. MNCs cultured in EGM-2MV had the ability to form tubes on Matrigel. Flow cytometry results indicated that CD133 expression was highest at day 12 and that the greatest number of cells positive for both FLK-1 and CD133 appeared at day 20 from cells cultured in dishes without fibronectin coating. In addition, the expression levels of CD133, CD31 and FLK-1/CD133 were not significantly different between cells of different shapes. Our experiments suggest that MNCs from bone marrow can be differentiated into late EP-like cells in EGM-2MV, which have the ability to rapidly proliferate. These MNCs can also be differentiated into early EP-like cells in CM. Additionally, fibronectin may not be necessary for the differentiation of EPCs to mature ECs after three generations. Differentiated MNCs from bone marrow in EGM-2MV have the characteristics of EPCs, although the expression levels of EPC markers were lower than previously reported.
Introduction
In 1997, Asahara et al. (1997) peripheral blood could be differentiated into EPCs with endothelial structure and function, which provided the first evidence that there were endothelial progenitors, the precursors known as hemangioblasts, in human peripheral blood. These EPCs could participate in prenatal vasculogenesis and angiogenesis after birth. The infusion of EPCs isolated from peripheral blood or bone marrow was shown to improve blood flow after ischemia and rescue endothelial injury (Werner et al. 2003) . Because of the histoincompatibility of different individuals, it is beneficial to have many sources of EPCs. Several sources of EPCs currently exist, such as peripheral blood, bone marrow and tissues. Additionally, scientists are interested in bone marrow-derived cells as a therapeutic source of vascular cells. At present, ex vivo expanded EPCs present many difficulties. There are no uniform biomarkers that can specifically identify the EPCs (Schatteman et al. 2007 ); thus, one source of cells can be conditionally differentiated into cells with different phenotypes. Because of the inability to specifically identify EPCs, EPCs cultured by different groups using different separation methods show different morphologies, surface markers and biologic functions. Asahara et al. (1997) found that CD34
? peripheral blood mononuclear cells (PBMCs) could differentiate into endothelial-like cells expressing CD31, Tie-2, CD34 and VEGFR2. Endothelial-like cells from CD14
?
PBMCs expressed both monocytic antigens and EC antigens, and these cells could also uptake ac-LDL and bind Ulex (Gulati et al. 2003) . Friedrich et al. found that a CD34 -/CD133 ? EPC subpopulation was a precursor of CD34
? /AC133 ? EPCs and contributed to vascular regeneration more potently than other subpopulations (Friedrich et al. 2006) . Although CD34, CD133 and FLK-1 were previously used as positive surface markers of EPCs, Schatteman et al. (2007) suggested that other characteristics such as size, cell cycle, and other functions may be more useful to identify EPCs than cell surface markers alone. Ingram et al. (2005) used proliferative potential as one defining aspect of EPC biology to make a hierarchy of EPCs in human blood and blood vessels. Therefore, caution must be taken, and we should use as many different methods to define EPCs as possible, especially when classifying cells derived from bone marrow.
Currently, the isolation of EPCs is achieved by either magnetic-activated cell sorting (Asahara et al. 1997) or by a differential attachment method (Jin et al. 2004) , in which cells are cultured on different matrices for different periods of time. Both isolation methods have proven to be effective. For the separation of rat bone marrow EPCs, the use of magnetic-activated cell sorting presents some difficulty because antibody selection is limited and because the biological characteristics of rat bone marrow EPCs are poorly defined. In this study, EPCs were separated from MNCs via the differential attachment method, and the function and biomarkers of EPCs were investigated in different culture conditions.
Materials and methods

Isolation of mononuclear cells from rat bone marrow
All animal procedures were approved by the laboratory animal ethics committee of Taishan Medical University and conformed to the national guidelines for care and use of laboratory animals. Isolation and culture of MNCs were described previously (Yin et al. 2010) . Bones from 4-week-old SD male rats were repeatedly washed with PBS until the washing fluid of the bone marrow cavity became clear. The washing fluid was filtered into a single-cell suspension with a 100-lm mesh. Single-cell suspension was added to Ficoll at a ratio of 1:1. The mixture was then centrifuged at 2,000 rpm for 20 min at 20°C to separate the cells into three layers. The middle layer, which is white and cloudy and consists of the mononuclear cells, was gently removed and transferred to a new centrifuge tube. The cells were washed two times with PBS, resuspended with complete medium (CM, M199 with 10% FBS, 20 ng/mL VEGF and 10 ng/mL bFGF) or EGM-2MV (Lonza, Endothelial cell basal medium-2, plus FBS, VEGF, R 3 -IGF-1, rhEGF, rhFGF-B, GA-1000, hydrocortisone and ascorbic acid) and seeded in fibronectin-coated plates or culture bottles to a cell density of 10 6 /cm 2 . Four days later, non-adherent cells were washed off with PBS, and fresh media were added to the cultures every 3 days.
DiI-ac-LDL uptake and FITC-UEA binding assay EPCs were incubated with 2.5 mg/L DiI-ac-LDL (Molecular Probes) for 2 h at 37°C. The cells were then fixed for 5 min with 1-2% paraformaldehyde. The fixed cells were washed with PBS, incubated with 10 mg/L of FITC-UEA (Sigma) for 1 h at 37°C and analyzed using a fluorescent microscope. Cells staining positively for both markers were considered to be differentiating EPCs, as reported previously (Ingram et al. 2004 ).
EPC adhesion and MTT proliferation assay
EPCs were seeded on fibronectin (BD)-coated plates after digestion and were cultured for 30 min in different media. Dishes were vigorously washed three times with changes of PBS, and adherent cells were counted under a microscope (magnified 2009). Next, 2,000 cells per well were seeded in fibronectin-coated 96-well plates for 24 h. After serum starvation for 24 h, 20 lL of 3-(4,5-dimethylthiazol-2-yl) -2,5-diphenyltetrazolium bromide (MTT, 5 g/L) (Sigma) was added to each well, and the cells were cultured for 4 h at 37°C. The supernatant was then removed, and 150 lL of dimethyl sulfoxide (DMSO, Gibco) was added to each well. After shaking for 10 min at room temperature, cell proliferation was assessed by measuring the absorbance at 492 nm with a microplate reader.
FCM detection of surface markers on EPCs
Adherent cells were digested into a single-cell suspension, blocked for 30 min and incubated with antibodies against rat CD133 (Abcam, from rabbit), rat FLK (Santa Cruz, from mouse) or rat CD31 (BD, from mouse) for 30 min at 4°C. One tube was not incubated with any antibody as negative control. After washing twice with PBS, the cells were incubated with a FITCgoat anti-rabbit secondary antibody (BD) and an APClabeled goat anti-mouse secondary antibody (BD) for 30 min at 4°C, washed twice with PBS, and fixed with 4% paraformaldehyde. EPC surface markers were analyzed by flow cytometry (FCM).
Tube formation on matrigel
EPCs were seeded on matrigel-coated plates and cultured with EGM-2MV for 24 h at 37°C, 5% CO 2 . Tube formation was monitored by microscope.
Immunofluorescence Differentiated EPCs were analyzed for the markers of endothelial cells. Differentiated EPCs were incubated with anti rat CD133 (Abcam, from rabbit), rat FLK (Santa Cruz, from mouse) or rat CD31 (BD, from mouse) for 60 min at room temperature. Positive staining was detected using Cy3 or FITC conjugated secondary antibodies by fluorescent microscope.
Immunoblot analysis
Whole cell lysates (30 lg/lane) were electrophoresed in a 10% non-denaturing polyacrylamide gel, followed by electrophoretic transfer to PVDF membranes (Millipore), and incubated overnight with primary antibodies against eNOS (Santa Cruz). The membranes were then exposed to secondary antibodies conjugated with horseradish peroxidase (Santa Cruz) and detected by the Phototope-HRP Western Detection Kit (Thermo).
Statistical analysis
All data are presented as mean ± SEM. Intergroup comparisons were performed by paired Student t tests or ANOVA. Probability values of p \ 0.05 were interpreted to denote statistical significance.
Results
The characteristics of rat bone marrow MNCs induced by different media
MNCs isolated from rat bone marrow were cultured in EGM-2MV or complete medium (CM, M199 with 10% FBS, 20 ng/mL VEGF and 10 ng/mL bFGF). After removing non-adherent cells at day 4, culture of the adherent cells continued in the corresponding media. The MNCs cultured in EGM-2MV proliferated more rapidly than the MNCs in CM during the first week of culture. The adherent cells in CM formed colonies surrounded by spindle-shaped cells, an early EPC phenotype as Asahara et al. first reported (Fig. 1a) (Asahara et al. 1997) , and gradually differentiated to have a cobblestone-like morphology (Fig. 1b) . In contrast, the MNCs cultured in EGM-2MV showed a fusiform shape (Fig. 1c) or a cobblestone shape, could be passaged for over 2 months without senescence and had the appearance of late EPCs (Lin et al. 2000) , in that they could form capillary-like sprouts on Matrigel (Fig. 1d) . Expression of eNOS in EPCs was lower in CM than in EGM-2MV and did not change over time (Fig. 1e) .
The induced EPCs could incorporate ac-LDL and bind UEA-1 and differentiate into mature endothelial cells (ECs)
The differentiated MNCs derived from rat bone marrow, cultured in either EGM-2MV or in CM, demonstrated features of EPCs in that they were able to take up ac-LDL (Fig. 2a) and bind lectin (Fig. 2b) at day 11. Some studies, however, have indicated that Ulex-binding and ac-LDL uptake, which have previ- Fig. 1 The different phenotypes of the MNCs in different conditions. a Rat MNCs from bone marrow in CM formed colonies surrounded by spindle-shaped cells (magnified 109). b Rat MNCs from bone marrow in CM differentiated into a cobblestone-like morphology (magnified 109). c Rat MNCs from bone marrow in EGM-2MV formed a fusiform shape (magnified 109). d EPCs formed capillary-like sprouts on Matrigel (magnified 109). e The expression of eNOS in EPCs induced by different media for different culture times ously been used to identify differentiating EPCs, are not specific for EPCs (Sandri et al. 2005) . In order to further indentify EPCs, these cells induced by EGM-2MV for a longer time could differentiated into mature ECs with expression of makers, such as vWF, CD31 and FLK-1 (Fig. 2c, d, e) .
The proliferation and adhesion ability of induced rat bone marrow EPCs in different culture conditions Rat bone marrow-derived EPCs cultured in CM for 14 days were passaged into different media to study their biological functions, such as proliferation and adhesion. EPCs cultured in EGM-2MV proliferated more rapidly than EPCs in other culture media. The serum significantly contributed to their proliferation capacity (p \ 0.01, Fig. 3a) . EPCs grown in CM demonstrated the strongest adhesion ability as they had the greatest number (41.9 ± 7.9) of adherent cells (p \ 0.01, Fig. 3b ).
Identification of EPC biomarkers in rat bone marrow-derived MNCs by flow cytometry Rat bone marrow-derived MNCs were plated on fibronectin-coated dishes with EGM-2MV. After removing non-adherent cells on day 4, the adhering cells grew slowly for the first 7 days; therefore, there were not enough cells for us to examine cell surface markers by FCM. The cells were confluent on day 11, and we passaged them continuously. We investigated surface markers of these differentiated MNCs by FCM. We were able to detect the expression of CD133 (0.22 ± 0.072%), FLK-1 (0.30 ± 0.076%), and CD133/FLK-1 (0.047 ± 0.015%) on day 1, but by day 12, expression of each of these markers had increased (CD133 (9.51 ± 0.612%), FLK-1 (0.44 ± 0.079%), CD133/FLK-1(0.33 ± 0.068%)). FLK-1(18.91 ± 3.17%) and CD133/FLK-1(1.03 ± 0.16%) were most highly expressed on day 20 (Fig. 4a, Table 1 ).
In addition, we observed that fibronectin was necessary for the first three generations of EPC culture, but it had no significant impact on the proliferation of EPCs at later times. To further confirm that fibronectin did not contribute to the culture of EPCs after three passages, we plated the EPCs in both fibronectincoated dishes and non-fibronectin-coated dishes and examined the expression of the EPCs' biomarkers. The results showed that the percentages of cells that were plated on fibronectin-coated dishes were positive for CD133, FLK-1, CD31, and CD133/FLK-1 were 0.43 ± 0.035, 1.40 ± 0.191, 4.23 ± 0.515, and 0.23 ± 0.036%, respectively. The percentages of cells that were plated on non-fibronectin-coated dishes were positive for CD133, FLK-1, CD31, and CD133/FLK-1 were 0.56 ± 0.098, 4.27 ± 0.703, 2.40 ± 0.443, 0.35 ± 0.051%, respectively (Fig. 4b, Table 2 ).
In the initial culture of MNCs, we found that there were two populations of cells in the fibronectincoated dishes: one exhibited a cobblestone shape, and the other displayed a spindle-like shape. The cell populations were separated on day 11 and continuously cultured on fibronectin-coated dishes for 9 days. In addition to FLK-1, other biomarkers such as CD133, CD31, and CD133/FLK-1 were more highly expressed in the cobblestone-shaped cells than in the spindle-shaped cells (Fig. 4c, Table 3 ).
Discussion
Currently, there is no simple way to differentiate bone marrow-derived MNCs into abundant EPCs at equal pace, as MNCs derived from bone marrow are often dormant (Bradford et al. 1997 ) and comprise different cell populations (stem cells, monocytes and leukomonocytes). The separation and induction of EPCs can be achieved through many methods, including magnetic-activated cell sorting (Timmermans et al. 2007 ) and MNC adherent culture (Hill et al. 2003) . EPCs separated by magnetic-activated cell sorting have consistent expression of EPC biomarkers, such as CD133, CD34 and FLK-1, but they proliferate much more slowly than EPCs separated by MNC adherent culture (Papathanasopoulos and Giannoudis 2008) . CD34
-population of cells in EPCs separated by MNC adherent culture, can secrete factors that stimulate CD34
? cell proliferation (Timmermans et al. 2007) . EPCs separated by adherent culture comprise many small subpopulations that have no consistent cell surface markers and have been shown to have a higher proliferation capacity (Zampetaki et al. 2008) . As magnetic-activated cell sorting is more expensive, we separated EPCs by the differential attachment method, which was used in Fig. 4 Flow cytometric analysis of surface markers of EPCs differentiated from rat bone marrow MNCs. Data are presented as the mean ± SD, n = 3 (*p \ 0.05, **p \ 0.01). a The expression of EPC markers change over time in culture, corresponding percentage in Table 1 . b Detection of EPC markers in rat bone marrow-derived MNCs plated on either fibronectin-coated dishes or non-fibronectin-coated dishes, corresponding percentage in Table 2 . The expression of CD133 and FLK-1 were separately detected using FL-1H and FL-4H, respectively. Control represents negative control without primary antibody incubation. c The expression of biomarkers in cobblestone-shaped cells and spindle-shaped cells, corresponding percentage in Table 3 Table 1 early studies of EPCs (Jin et al. 2004 ). Here, we isolated MNCs from rat bone marrow using density gradient centrifugation, plated them in fibronectincoated dishes, and cultured them under different conditions to investigate the biological characteristics of these differentiated MNCs. We observed that MNCs in different culture media have different morphological phenotypes and exhibit different abilities to proliferate and adhere. The MNCs in CM, which were spindle-shaped and tended to form colonies, were different from MNCs in EGM-2MV, which were fusiform-or cobblestone-shaped and did not form colonies. The results suggested that stem cells and progenitor cells can adjust their morphologies to different microenvironments. Although the amount of serum in EGM-2MV is only half that of CM, EPCs proliferated more rapidly in EGM-2MV than in CM. There may be cytokines, such as vitamin C, rhEGF, IGF-1 and hydrocortisone, in EGM-2MV (but not in CM) that stimulate the EPCs to proliferate and differentiate. MNCs that expressed low levels of CD133 and FLK-1 were able to take up DiI-ac-LDL and bind lectin. It should be noted that, although the uptake of DiI-ac-LDL and the ability to bind lectin have previously been considered biomarkers of differentiating EPCs, recent research has demonstrated that monocytes and macrophage can also take up DiIac-LDL and bind lectin (Ouchi et al. 2001) . In addition, we show that MNCs from rat bone marrow plated on Matrigel with EGM-2MV are able to form vascular-like structures in vitro, and western blotting results indicated that the MNCs induced by EGM-2MV expressed eNOS. Taken together, our results suggest that MNCs from rat bone marrow show biological characteristics of EPCs, such as a cobblestone-like morphology, DiI-ac-LDL-uptake, lectinbinding, continuous expression of eNOS, tube formation on Matrigel, and rapid replication from some cells.
EPCs have the stem cell characteristics of selfrenewal and the capacity to differentiate into adult endothelial cells in vitro (Bessler 2004) . Previous research has indicated that EPCs can be isolated from animal bone marrow (Zhang et al. 2006) , peripheral blood (Park et al. 2003) , umbilical cord blood (Ingram et al. 2004) , and some organs (Zengin et al. 2006) . It has been suggested that EPCs and hematopoietic stem cells are both derived from a common precursor, hemangioblasts (Murasawa and Asahara 2005) ; therefore, the markers of EPCs should have both stem cell and endothelial cell characteristics. At present, several surface markers, such as CD34, FLK-1 and CD133, have been generally accepted as biomarkers of EPCs (Yao et al. 2009 ), while CD31, vWF, and Factor VIII are used to identify mature endothelial cells. Friedrich et al. (2006) ? cells (79.45 ± 3.12%)). The differences between these results might be explained by the use of different methods for detecting these biomarkers. Li et al. (2007) detected the surface markers of EPCs by immunohistochemistry and immunofluorescence, which can lead to false positives. We used FCM, which is more sensitive for detecting cell surface markers in a large population of cells. We further found that the peak expression of CD133 and FLK-1 occurred at different times in culture. The percentage of CD133
? cells was highest on day 12 (9.51 ± 0.612%), but the highest percentage of FLK-1 ? (18.91 ± 3.17%) and FLK-1 ?
/CD133
? cells (1.03 ± 0.16%) occurred on day 20 after seeding in fibronectin-coated dishes. However, the use of FLK-1/CD133 co-expression as a biomarker for identifying EPCs from rat bone marrow, peripheral blood and umbilical cord blood is still questionable.
Previous reports have indicated that fibronectin combines with the transmembrane protein integrin to form a ligand-receptor complex that can not only (Pagan et al. 2002) . We also observed that fibronectin is required for the differentiation of MNCs to EPCs in the first three generations, which is consistent with previously reported results (Li et al. 2007 ), but fibronectin is not needed for the culture of EPCs after three generations. We found no significant differences in the percentage of CD133 ? or CD133 ? /FLK-1 ? cells, as assessed by FCM. However, EPCs grown on fibronectin-coated dishes showed lower FLK-1 expression and higher CD31 expression than EPCs grown on non-fibronectin-coated dishes. CD31 is the marker of differentiation of EPCs into endothelial cells, so we concluded that fibronectin at least partly contributed to the differentiation of EPCs into endothelial cells. Fibronectin is essential to induce the adhesion, proliferation and differentiation of MNCs to EPCs in the first three generations, while, to inhibit the differentiation of EPCs, culture without fibronectin may be an appropriate choice after three generations. In this study, we proposed to isolate and induce rat bone marrow-derived EPCs in accordance with the flow-chart format (Fig. 5) . Jin et al. (2004) found that Early EPC with spindle shape showed peak growth at 2 to 3 weeks and died at 4 weeks, whereas late EPC with cobblestone shape appeared late at 2 to 3 weeks, showed exponential growth at 4 to 8 weeks, and lived up to 12 weeks. In this study, there were both spindle shape and cobblestone shape at 1 to 2 weeks. The two types of cells were isolated and cultured, respectively. FCM analysis of ECs specific markers showed that, in addition to FLK-1, the expression of CD133, CD31 and CD133/FLK-1 in cobblestone shape cells was slightly higher than in spindle shape cells (Table 1) , with no significant difference. When the two types of cells were cultured continuously, the spindle shape cells disappeared and all cells showed cobblestone shape with the makers of ECs (Fig. 2) . The two types of EPCs can both differentiate into ECs during long time of culture.
Angiogenesis and arteriogenesis are the two mechanisms of vasculogenesis (Buschmann and Schaper 1999) . Some studies have shown that bone marrow-derived EPCs in peripheral blood participate in ischemic organization and the formation of neovasculature in tumor tissues (Takahashi et al. 1999) , while other studies have suggested that bone marrowderived EPCs do not significantly contribute to the formation of neovasculature in tumor tissues or to the repair of damaged vasculature (Hillebrands et al. 2002) . For some diseases, such as vascular injury in atherosclerosis and ischemia, EPCs isolated from autologous bone marrow could be induced to differentiate in vitro and could be transplanted into the diseased lesion, which would eliminate the risk of rejection. However, in order to use autologous bone marrow transplants as a treatment, many technologies will need to be improved, including isolating a variety of subpopulations from bone marrow and inducing these subpopulations to differentiate into precise cell types. The experiments presented here, which have examined the biological characteristics of MNCs from rat bone marrow in different culture conditions, could provide the transplanted cells for disease therapy.
